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Abstract  
Linear precoding exploits the spatial degrees of freedom offered by multi-antenna transmitters 
to manage interferences between multiple co-channel users. The adoption of precoding in 
practical systems, however, entails a series of practical barriers. Amongst several issues, the 
focus herein is on the non-linear dependence of the input versus the output power of the efficient 
and reliable amplifiers that drive each transmit antenna, which limits the system performance. 
As a first step, the present work studies the impact of linear precoding on the peak-to-average 
power ratio (PAPR) of precoded waveforms in multibeam satellite systems using a finite 
alphabet. In this context, a sensitivity analysis of the PAPR at the input of each amplifier with 
respect to intrinsic system level parameters, such as the number of transmit feeds, is performed. 
Next, the performance of the whole non-linear satellite chain is analyzed with respect to the 
symbol-error-rate (SER) and the total degradation (TD) of the channel. Furthermore, two low-
complexity solutions are considered for counteracting the effects of the non-linearities of the 
satellite channel on the precoded waveforms, namely an automatic gain control (AGC) operation 





  Multi-user multiple-antenna transmitters are the way forward towards the high throughput next 
generation systems. In this direction, advanced transmit signal processing techniques have been 
included in the most recent extensions of broadband multibeam satellite communication (SatCom) 
standards [1]. Their goal is to optimize the performance of the multibeam satellites while keeping the 
complexity of the receiver reasonable. A fundamental requisite for the application of these techniques, 
referred to as linear precoding, is the knowledge of the channel state information (CSI) at the transmitter. 
Subsequently, the exploitation of the spatial degrees of freedom offered by the antenna array mitigates 
the multi-user interference (MUI), thus allowing co-channel beams to be made adjacent. In this fashion, 
a spatial division multiple access (SDMA) scheme is realized. Channel based linear precoding has 
shown great potential for satellite systems [2], [3]. Therefore, recent works have taken precoding over 
satellite to the next level. To account for practical system implementations, the consideration of 
precoding on a frame-by-frame basis has been presented in [4], [5]. In this framework, the notion of 
frame-based precoding has been established [6]. Nevertheless, all the above mentioned works fail to 
acknowledge the non-linear amplification carried out over the satellite. The non-linear channel 
impairments, resulting in a distortion of the transmitted signals, have been tackled in the literature in 
different ways, based on peak-to-average power ratio (PAPR) reduction [7], on specific precoding 
techniques [8], and on predistortion techniques [9], [10]. The present work, however, takes a step 
backward and aims at evaluating the effects of a practical satellite channel on generic linear precoded 
signals. Differently from the previous works, we focus here on low-complexity solutions: an automatic 
gain control (AGC) stage properly set for precoded waveforms, and a non-linear equalization scheme. 
 
2. System Model 
  The focus is on a multi-user (MU) multiple-input multiple-output (MIMO) satellite system. The on-board 
antenna of a satellite comprises a parabolic reflector and an array of feeds, which allows to generate 
multiple independent beams. Let Nt denote the number of transmitting elements of the transmitter and 
K the number of users. We consider a system with a single feed, carrier and high-power amplifier (HPA) 
per beam. Let us also assume that K = Nt, namely considering one user per beam in a specific instant. 
This is reasonable if the system resorts to a time-division multiplexing (TDM) scheme in order to serve 
all the users in each beam, which results in a single user per beam per time-slot. The received signal at 
user i will be 𝑦𝑖 = 𝒉𝑖
†𝒙 + 𝑛𝑖 , where 𝒉𝑖 ∈ 𝑪
𝑁𝑡×1 contains the channel coefficients (amplitude and phase) 
related to i-th user, (∙)† is the conjugate transpose operator, 𝒙 ∈ 𝑪𝑁𝑡×1 is the transmitted signal, and 𝑛𝑖 
is a complex circular symmetric random variable, modeling the zero mean Additive-White-Gaussian-
Noise (AWGN) measured at the i-th user’s receive antenna. Let us denote by 𝒘𝑖 ∈ 𝑪
𝑁𝑡×1 the precoding 
vector applied to the transmit antennas to beamform towards the i-th user. By collecting all the precoder 
vectors in a precoder matrix 𝑾 = [𝒘1 … 𝒘𝐾] ∈ 𝑪
𝑁𝑡×𝐾, and all the channel vectors in a channel matrix 
𝑯 = [𝒉1 … 𝒉𝐾]
† ∈ 𝑪𝑁𝑡×𝐾, the input-output relation of the system can be rewritten as 
 
𝒚 = 𝑯𝑾𝒔 + 𝒏,                                                            (1) 
 
where, in turn, 𝒔 ∈ 𝑪𝐾×1 collects the symbols transmitted to the users, 𝒏 ∈ 𝑪𝐾×1 collects the AWGN 
independent identical distributed (i.i.d.) components related to the users, and 𝒚 ∈ 𝑪𝐾×1 the 
corresponding received signals at the users. It is important to highlight that, based on DVB-S2X standard 
[1], finite alphabets will be considered for the transmitted symbols. 
  As regard to the channel model, assuming fixed users with highly directive antennas, we consider real 
channel gains depending only on the multibeam antenna pattern and on the users position1. Considering 
the i-th beam and the k-th user, the corresponding entry of the channel matrix 𝑯 can be calculated 
resorting to the well accepted method of Bessel functions, thus it will be the square root of [3] 
 








,                                                      (2) 
 
where 𝜃𝑖𝑘 is the off-axis angle of the user with respect to the boresight of the beam, 𝑢 =
2.07123 sin(𝜃𝑖𝑘) / sin(𝜃3𝑑𝐵), 𝐺max is the maximum axis gain of the antenna, and 𝐽1, 𝐽3 are the Bessel 
functions of the first kind, of order one and three respectively. 
  As to the precoding method, in this work we resort to the well-known zero-forcing (ZF) technique [2] 
which, inverting the channel matrix, allows to fully cancel out the MUI, though showing limitations in a 
noise-limited scenario. Since the scenario at hand is interference-limited, due to full frequency reuse in 
the antenna pattern, ZF precoding is a suitable technique. Because we assumed that K = Nt, the ZF 
precoder will read simply as 𝑾 = 𝑯−1, while in a more general case (here not considered just for 
simplicity) it would be the pseudo-inverse of the channel matrix. 
  As regard to the practical per-beam power constraints for the transmitting antennas, they are taken 
into account by simply re-scaling the precoded signals, in order to respect the tightest power constraint 
at the transmitting feeds. Although this is not an optimal approach, it provides a low-complexity solution 
for the model at hand. 
 
2.1. Non-linearity of the Satellite Channel 
  The non-linearity of the satellite channel, which results in a deterioration of the transmitted precoded 
signals, is introduced by the non-ideal on-board amplification stage. Indeed, the signals feeding the on-
board traveling-wave-tube amplifiers (TWTAs) are subject to a non-linear effect, which affects both the 
amplitude and the phase. Considering the non-linearized TWTA model defined in [11] (this is a static 
model, not taking into account memory effects of the TWTA), the corresponding amplitude-to-amplitude 
(AM-AM) and amplitude-to- phase (AM-PM) characteristics are shown in Fig. 1. These curves represent 
the relationship between the input and the output power of the amplifier, and between the input power 
and the output phase shift, respectively. The on-board TWTA needs to be operated as close as possible 
to saturation, to efficiently exploit the scarce available power. As clear from the curves, this drives the 
operating point to a region where the instantaneous output power is a non-linear function of the input 
power. This non-linear amplification, in particular when combined with channels that introduce memory, 
                                                     
1 However, the main conclusions of this work are still valid if a random phase is incorporated in the channel 
model. 
leads to signal distortion. In the remainder of this work, the effects of this non-linear amplification on the 
precoded waveforms are investigated, based on simulations. To this end, a relevant parameter that is 
analysed is the PAPR of the transmitted signals.  
  For the sake of clarity, Fig. 2 displays the overall block scheme of the simulated satellite forward link. 
As shown in the scheme, in the ground segment, after the mapping of each bit stream into a symbol 
stream according to a specific modulation, a pilot sequence (P2) is attached to the payload. The P2 pilot 
sequence, present in the DVB-S2X super-frame structure [1], is a sequence of 180 symbols, known at 
the receiver side, which is modulated and precoded as the information sequence. Such characteristics 
enable a receive equalization scheme, which will be described in the following. After the precoding 
module, each branch contains a square-root-raised-cosine (SRRC) filter for the shaping and the 
transmission of the signals.  
  The space segment, besides the described non-linear TWTAs, includes the blocks corresponding to 
the input multiplexer (IMUX) and the output multiplexer (OMUX). Moreover, an AGC scheme is 
considered before the amplification stage. Such component, fundamental for handling the non-linearity 
issue, will be described in the following. 
  Finally, after the satellite channel, the user segment branches include the mentioned equalization block 
and the demapper, which returns the information symbols.  
 
 
Figure 1: Input-Output characteristics of the on-board TWTA (AM-AM and AM-PM). 
3. Performance Analysis and Proposed Solutions 
 
3.1. PAPR Analysis 
  A first evaluation of the effect of the channel non-linearities onto the precoded waveforms can be given 
by studying the PAPR of the transmitted signals. Considering ZF precoding, Fig. 3 shows how the PAPR 
increases with the number of feeds of the multibeam antenna, both for precoded and non precoded 
waveforms. Moreover, the PAPR curves are shown in two cases, one considering a SRRC filtering 
operation (with a roll-off factor set to 0.25) and the other without. Therefore, the curves including filtering 
evaluate the signal in the sample domain, while the un-filtered in the symbol domain.  The depicted 
curves are obtained according to the simulation chain of Fig. 2, and for each curve the corresponding 
point of the chain is mentioned (the curve assuming non precoded waveforms and filtering is derived 
after the SRRC block, but neglecting the precoder). The modulation scheme considered for these curves 
is 32-amplitude-phase-shift-keying (32-APSK). Analogous curves, here not reported for the sake of 
brevity, can be obtained considering different modulation orders. As one can easily envisage, the PAPR 
increases with the modulation order. 
  From such result, it can be seen that the precoded waveforms show a higher PAPR with respect to the 
non precoded ones. As a consequence, the distortion induced on the signals by the TWTA will be 
stronger when precoding is applied. Nevertheless, the percentage of the increase of PAPR in the sample 
domain is lower. Thus, we can deduce that the effect of precoding is not as detrimental if one considers 
a more accurate modeling of the transmission chain. These conclusions hold true if one considers 
different modulation orders, or a different roll-off factor in the filtering stage. 
  In addition to the increase of the PAPR for the precoded waveforms, it should be kept in mind that the 
channel distortion also affects the performance of precoding, leading to an imperfect compensation of 
the MUI. This is a further motivation for envisaging a stronger signal corruption when precoded is 
applied. 
 
3.2. Effects of the Channel non-Linearities  
  In order to analyse the effects induced by the non-linearities of the satellite channel onto the precoded 
waveforms, it is worth considering the scatter plot representations of the transmitted symbols as 
resulting by simulations, according to the block scheme of Fig. 2. However, at first the blocks referring 
to the AGC stage and to the non-linear equalization, which will be characterized in the remainder of this 
section, are not considered. 
  The following scatter plots are obtained by assuming a 32-APSK modulation scheme and a 𝐸𝑠/𝑁0 
value (ratio of the average energy per symbol over the noise power spectral density) of 25 dB, on a 7-
beam system using ZF precoding.  
 
 
    Figure 2: Block scheme of the considered satellite forward link. 
 
      Figure 3: PAPR of 32-APSK signals vs. Number of transmitting elements. 
  First, Fig. 4 shows the transmitted symbols, for one of the data streams, before the precoding operation 
(left side) and after it (right side). It is visible how the precoding operation changes the constellations, 
correlating the different symbol streams according to Eq. 1 and therefore increasing the PAPR, as 
already discussed. 
  Then, in Fig. 5 the scatter plots of the received symbols are depicted, compared with the transmitted 
ones, both in the case of a linear AWGN channel, hence without the non-linear TWTA block (left side), 
and in the case including the channel non-linearities (right side). The deterioration of the transmitted 
precoded signals is highly visible in the second case. More specifically, we can observe two effects of 
the channel non-linearities on the received constellations [12]: 
 
 a warping effect on the constellation centroids, due to the non-linear characteristics of the 
TWTA, which consists in a displacement of the centroids both in amplitude and in phase; 
 a clustering effect on the received symbols, due to the inter-symbol interference (ISI), which is 
enhanced by the TWTA non-linearities. 
 
                  
       Figure 4: Tx constellations before (left - at point A of Fig. 2) and after (right - at point C of Fig. 2) precoding. 
 
Figure 5: On the left, Scatterplots of the Tx and Rx constellations (at the points A and F of the chain, respectively), 
with a linear AWGN channel; on the right, same constellations with a non-linear satellite channel. 
  In the following section, we focus on two solutions aiming at counteracting the signal corruption due to 
the channel non-linearities. 
  
3.2. Proposed Solutions  
  The investigated solutions are: 
  
 a proper automatic gain control (AGC) stage [13], applying a power back-off to the transmitted 
signals so to reduce the distortion; 
 a non-linear equalization module at the receiver, which aims at compensating the distortion 
induced by the TWTAs. This compensation is based on the transmission of a known sequence, 
i.e., a pilot sequence or a training sequence. 
These techniques are meant as low-complexity solutions to the distortion induced by the on-board 
amplifiers, and can apply in general, since are not specific to systems relying on precoding. 
  The AGC stage applies to the signals an input back-off (IBO), which can be defined, in dB, as 
 





where 𝑃𝑆𝐴𝑇  represents the saturation power of the amplifier, whilst 𝑃𝐴𝑉 denotes the average signal power 
after the back-off operation. Such operation is depicted in Fig. 6, where the red mark represents the 
saturation point of the TWTA and the black mark is the operational point. It is clear how, at the cost of a 
reduced transmitted power, the distortion is reduced. The IBO value to be applied (equivalently, we can 
refer to the output back-off – OBO) has to be set in order to minimize the corruption of the transmitted 
signals. As shown in the next section concerning the numerical results, the optimization of the back-off 
value, for systems relying on ZF precoding, is performed numerically, based on the total degradation of 
the channel. 
 
Figure 6: Back-off operation onto the transmitted useful power. 
  Concerning the non-linear equalization block introduced in the user segment, it leverages the P2 pilot 
sequence attached to the payload, previously mentioned. In particular, the received P2 sequence is 
used by the receiver for estimating the distortion suffered by the signals and, accordingly, for designing 
a new constellation to be used for demapping the received symbols. For determining the new (APSK) 
constellation, the rings amplitudes, as well as the relative phase shifts between the rings, are obtained 
using the received distorted version of the pilot symbols and exploiting the knowledge of their original 
transmitted version. More specifically, the detection regions of the new designed APSK constellation 
are calculated by averaging amplitudes and phases of the received pilots, on the corresponding levels. 
 
3.2. Numerical Results 
  In order to show how the proposed chain of Fig. 2 behaves, with the inclusion of the AGC and non-
linear equalization stages, some simulation results are reported hereafter. The results are obtained 
using the parameters listed in Tab.1.  
 
Parameter Value 
   Symbol Rate    25 MBaud 
  Number of Beams    7 
Number of Tx Symbols    105 
   Modulation    32-APSK 
   Roll-off    0.3 
   IBO    3.6 - 5 dB 
   𝐸𝑠/𝑁0    25 dB 
Table 1: Simulation Parameters 
 
 Fig. 7 shows the scatter plot of the received constellation after demapping, obtained applying the AGC 
stage with an IBO of 5 dB. The black constellation represents the constellation used for demapping the 
received symbols, designed in the equalization stage. It is apparent how this constellation matches the 
received clouds better than the original one. The distortion on the symbols is still clearly visible in the 
clustering and warping effects. Nevertheless, they appear strongly mitigated with respect to the scatter 
plot of Fig. 5 (right side), resulting in a lower symbol-error-rate (SER). 
 
Figure 7: Scatterplots of the Tx and Rx constellations (at the points A and F of the chain, respectively), 
with an IBO of 5 dB and equalization at the Rx. The black constellation is available at the point 
E of the chain. 
 
  Concerning the SER obtained by applying the proposed solutions, Fig. 8 (left side) shows how it varies 
with the 𝐸𝑠/𝑁0 value, comparing the multibeam case, where ZF precoding is applied, with the single-
beam case. The IBO is set to 3.6 dB. The result confirms how, in the precoded case, the system suffers 
more the effects of the channel non-linearities.  
  In Fig. 8 (right side) another important performance metric is considered for the system at hand. Such 




























 is the same quantity considering a linear AWGN channel, and OBO is the output 
power back-off. The OBO of the system has to be set in order to minimize the resulting total degradation. 
In Fig. 8 (right side) the TD curves, plotting the total degradation as a function of the OBO, are depicted, 
comparing the multibeam precoded case with the single-beam case. The TD curves are obtained 
assuming a target SER of 0.2, which, once using also some typical forward error correction (FEC) 
techniques, can lead to a quasi-error-free transmission. The optimum back-off corresponds to the 
minimum of the TD curves. As visible, also this result shows that in the multibeam precoded cases the 
degradation of the link is higher with respect to the single-beam case. In addition to this, the optimum 
back-off is about 0.7 dB higher in the multibeam case. Ultimately, we can identify a tradeoff between 
precoding, which allows for more spectrum per user link in multibeam systems, and the applied power 
back-off, which reduces the useful transmitted power. 
 
Figure 8: On the left, SER vs. 𝐸𝑠/𝑁0 curves, for the precoded and non-precoded cases; on the right, TD vs. OBO 
curves, comparing the same cases. 
4. Conclusions 
 
  In this work we have studied the impact of the non-linearities of the satellite channel onto the 
performance of a multi-user satellite system relying on ZF precoding, introducing and validating some 
low-complexity solutions, based on power back-off and non-linear equalization. A performance analysis, 
based on the SER measured at the receiver side and on the total degradation of the satellite channel, 
has been performed. This analysis shows how the distortion induced by the channel has a greater effect, 
with respect to conventional systems, when precoding is applied. Consequently, higher OBO values are 
required in the AGC stage. Extension of the work shall account more advanced precoding techniques, 
such as the recent frame-based precoding [6], including also per-antenna power constraints, towards 
better utilizing the on-board available power [14]. Furthermore, other techniques will be considered for 
handling precoding onto non-linear channels, aiming at keeping all the complexity at the transmitter 
side. In this regard, innovative solutions based on predistortion combined with precoding, as well as on 
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